Growing evidence shows that the tumor microenvironment plays a crucial role in the pathogenesis of hepatocellular carcinoma (HCC). The present work aimed to screen tumor microenvironment-related genes strongly related to prognosis and to construct a prognostic gene expression model for HCC.
Background
The liver is an organ with a high regenerative capacity, and liver damage can eventually induce substantial cell proliferation. When high cell proliferation is combined with DNA mutation, liver cancer morbidity significantly increases [1] . Most hepatocellular carcinoma (HCC) is diagnosed in at an advanced stage at which surgery is the only treatment option, with a survival rate below 30% [2] . In advanced HCC stages, resistance almost always occurs [3] . The various management guidelines for HCC unanimously suggest that preserved liver function is a cardinal pre-requisite to provide effective treatment to patients [2] . The HCC fatality rate remains high worldwide [4] . Consequently, new therapeutic strategies based on tumor biology characteristics are urgently needed to improve the prognosis of HCC.
The tumor microenvironment contributes greatly to the pathogenesis of various cancers [5] . The tumor microenvironment is a dynamic system, which largely consists of stromal cells, infiltrating immune cells, and surrounding extracellular matrix (ECM) [6] . Hyaluronic acid, a major ECM component, plays a crucial role in cancer progression [7] . A previous study reported that hyaluronic acid promotes the spread of hepatocellular carcinoma cells, focal adhesion, and membrane tension by phosphoinositide signaling [8] . ECM physical characteristics influence cell function and migration. Substrate viscosity may play an important role in this process [9] . A more recent study demonstrated that normal hepatocytes and hepatocellular carcinoma cells have different spreading dynamics, which were influenced by the substrate viscosity [10] . In recent years, targeting the tumor microenvironment has been proposed as a therapeutic strategy for HCC [11] . Improving knowledge about the tumor microenvironment might be important for identifying novel therapeutic and chemotherapy preventive targets.
The ESTIMATE (Estimation of STromal and Immune cells in MAlignant Tumor tissues using expression data) method was developed by Yoshihara et al. to calculate stromal and immune scores in tumor tissues [12] . A study reported that ESTIMATE can be used as a metric to evaluate the prognosis of cancer patients [13] . Recently, numerous studies have used the ESTIMATE method to assess various tumors, indicating successful uses of the method when applied to genomic data. For instance, Jia et al. and Yang et al. identified many potential prognostic tumor microenvironment-related genes for predicting outcomes in glioblastoma and cutaneous melanoma patients [14, 15] . However, there are no studies elucidating the prognostic value of tumor microenvironment-related genes in HCC. The present work aimed to analyze the tumor microenvironment and detect prognostic tumor microenvironment-related biomarkers for HCC.
Material and Methods

Data collection
Hepatocellular carcinoma gene expression data were retrieved from the TCGA (up to June 1, 2019) . Clinical data including gender, age, histologic grade, pathologic stage, survival and outcome were also retrieved from TCGA. For validation, gene expression data and the corresponding clinical data were retrieved from the ICGC data portal. Since the data were retrieved from public datasets and we followed the publishing guidelines offered by TCGA, there was no need for ethics approval.
Differential analysis of expressed genes
To calculate immune scores and stromal scores, a novel ESTIMATE algorithm implemented as an "ESTIMATE" package in R was used [12] . ESTIMATE is a tool used to predict stromal/immune cell infiltration. The ESTIMATE algorithm was constructed based on single-sample gene set enrichment analysis and generated a stromal score and an immune score. We divide patients into high/low immune score groups and high/low stromal score groups according to the median value of immune score and stromal score. |log2foldchange| >1 and FDR (False discovery rate) <0.05 was used as the threshold value to screen for differentially-expressed genes. Heatmaps were created using the pheatmap package of R. According to the upregulated and downregulated DEGs identified in immune score groups and stromal score groups, the VennDiagram R package was used to detect the intersecting DEGs.
Functional enrichment analysis
To better understand the potential biologic functions of intersecting DEGs, KEGG pathway enrichment analysis [16] and GO analysis [17] covering biological processes (BP), molecular functions (MF), and cellular components (CC) were conducted using the cluster Profiler package [18] in R. An adjusted p value less than 0.05 were regarded as significant, and the results were visualized with the ggplot2 package.
Survival analysis
Survival analyses were confined to patients with detailed follow-up times only. To identify the prognostic value of intersecting DEGs in HCC patients from TCGA, Kaplan-Meier plots were generated using the survival package in R. Genes with P value <0.05 were validated in ICGC databases using the survival package. Only those genes with P value less than 0.05 in both TCGA and ICGC were considered as candidate biomarkers associated with prognosis. The cBio Cancer Genomics Portal (cBioPortal) is a valuable tool for online exploration, visualization, and analysis of multidimensional cancer genomics e922159-2 data [19, 20] . cBioPortal, which is the database used in this research, explores genetic alterations of prognostic genes in TCGA HCC patients. We investigated the cancer medicines affecting those genes. All operations were performed strictly following the cBioPortal's online instructions.
Identification of the HCC-specific prognostic signatures
To construct the prognostic signature, univariate, Lasso, and multivariate Cox regression analyses were used to investigate the associations between the potential genes and 3-year survival. We built the HCC-specific prognostic signatures in 3 steps: (1) All prognostic genes from the survival analysis were selected. We conducted univariate Cox regression analysis using the survival package in R. Genes with P<0.05 were regarded as statistically significant and were chosen for Lasso Cox regression analysis. (2) The Lasso method can examine all the independent variables concurrently and can help select the most influential variables. Here, Lasso Cox regression analysis was utilized to remove highly correlated genes and prevent overfitting. Lambda is an important parameter in Lasso regression, which can control the adjustment of Lasso regression complexity. When the partial likelihood deviance is the smallest, the most appropriate lambda can be taken. Lasso Cox regression analysis was implemented with glmnet and survival packages. (3) We performed ultivariate Cox regression analysis via the survminer and survival packages of R software. The linear combination of genes' expression levels multiplies the regression coefficient determined from the multivariate Cox regression analysis, and risk scores were then calculated. Patients were stratified into a high-risk group and a low-risk group based on median risk scores. The Kaplan-Meier method was utilized to compare 3-year survival between high-risk group and low-risk groups through use of the survival package. To analyze factors affecting 3-year survival, univariate and multivariate analyses were completed on risk scores and several clinicopathological features.
Statistical analysis
All analyses were implemented with R version 3.5.1. We used gene expression data of 371 HCC samples from TCGA. CBioPortal was used to analyze the gene mutation information of the same 371 HCC samples. |log2foldchange|>1 and FDR (false discovery rate) <0.05 was used as the threshold value to screen for differentially-expressed genes. In survival analysis, genes with P values less than 0.05 were considered statistically significant. In univariate Cox regression analysis, genes with P values less than 0.05 were regarded as statistically significant.
Results
Stromal and immune scores correlated with 3-year prognosis in HCC patients
Gene expression profiles and clinical information of 371 HCC samples were acquired from TCGA. Patients were 59.44±13.52 years old and 67.39% were male. On the basis of ESTIMATE method, stromal scores varied from -1625.38 to 1171.12 and immune scores from -866.31 to 3146.06. To evaluate the association of immune/stromal scores with prognosis, HCC patients were categorized into high-and low-score groups based on their median score. The 3-year and 5-year survival rate were plotted with Kaplan-Meier survival curves. The 3-year survival rate of patients with high stromal scores was higher than in patient groups with low scores (p=0.018), while patients with high immune scores had a slightly higher 3-year survival rate (p=0.07; Figure 1A ). Stromal scores were positively correlated with 3-year survival rate, and immune scores were weakly positively correlated with 3-year survival rate, suggesting that both were positive factors for 3-year prognosis of patients. However, there was no significant correlation between immune/stromal scores and 5-year survival rate ( Figure 1B ). The subsequent analysis in this study was based on the 3-year survival rate.
Identification of tumor microenvironment-related DEGs
Tumor microenvironment-related genes were acquired via comparing high-score versus low-score groups. For the group with high immune scores, a total of 1122 DEGs -1041 upregulated and 81 downregulated genes -were screened out. A total of 1422 DEGs -1338 upregulated and 84 downregulated genes -were detected in the group with high stromal scores. The expression of DEGs in the high-score group versus lowscore group are represented by heat maps (Figure 2A , 2B). Intersection analysis of DEGs in the high-score group showed 830 intersection DEGs, including 802 commonly upregulated and 28 commonly downregulated tumor microenvironmentrelated genes ( Figure 2C, 2D) . Moreover, the biological terms related to these intersection genes were explored. GO analysis illustrated that the main BP ontology were T cell activation, regulation of lymphocyte activation, and leukocyte migration. In terms of CC, the enriched terms included extracellular matrix and collagen-containing extracellular matrix. For MF, the major GO terms were receptor ligand activity, glycosaminoglycan binding, and carbohydrate binding. KEGG pathway analysis suggested that the intersection DEGs were particularly involved in cytokine-cytokine receptor interaction and chemokine signaling pathway (Figure 2E , 2F). 
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Identification of prognostic tumor microenvironmentrelated genes
We chose 370 patients with detailed follow-up times for subsequent survival analysis. Kaplan-Meier graphs were fitted to investigate the relationship between the intersection genes and 3-year survival rate in HCC patients, showing that 166 intersection genes were significantly associated with 3-year survival in the TCGA database. Selected results are shown in Figure 3 . To investigate whether prognostic genes in TCGA have prognostic value in other HCC cases, we collected and analyzed the data of 232 HCC patients from ICGC. There are 49 genes appearing to be correlated with 3-year survival rate (Figure 4 ), the majority of which had not been proved to be correlated with the prognosis of HCC patients (Table 1) . These 49 genes with prognostic value in both TCGA and ICGC were regarded as prognostic tumor microenvironment-related genes.
Genomic changes and biological functions of prognostic tumor microenvironment-related genes
We used cBioPortal assay to investigate genomic alterations connected with these prognostic tumor microenvironmentrelated genes. Amplification and mRNA upregulation were the main genetic alterations, and 49 prognostic tumor microenvironment-related genes were altered in 229 (62%) of 371 patients. The mutations status of the top 10 genes with higher alteration frequencies are presented in Figure 5A , in which TRAF3IP3 and SLAMF1 were the most commonly mutated genes. Figure 5B shows the network established by 49 prognostic tumor microenvironment-related genes, and the 50 most frequently altered neighbor genes. Cancer drugs targeting those genes are displayed. Among them, 11 genes are currently regarded as anticancer drug targets. We considered that other genes may serve as new therapeutic targets. Additionally, the biological terms 
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associated with 49 prognostic tumor microenvironment-related genes were investigated. Top GO terms included T cell activation and lymphocyte differentiation ( Figure 5C ). KEGG pathway analysis suggested that these genes were particularly involved in the T cell receptor signaling pathway ( Figure 5D ).
Construction of tumor microenvironment-related genes prognostic signatures
To construct tumor microenvironment-related genes prognostic signatures, expression values of 49 genes in 327 HCC 
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patients were analyzed by univariate Cox regression analysis. As presented in Figure 5A , univariate Cox regression screened 14 genes significantly associated with 3-year survival (P<0.05). All the 14 genes were protective genes with HR <1. Next, Lasso Cox regression analysis was used to narrow the obtained genes ( Figure 6A ). Three genes were identified and were then subjected to multivariate Cox regression analysis. Only 2 genes -IL18RAP and GPR182 -were used to construct a prognostic model ( Figure 6A) . A risk score for each individual was generated and ranked based on the risk score. Then, patients were categorized into 2 groups: high-risk (n=185) and low-risk (n=185). Patients in the high-risk group had obviously poorer 3-year survival outcomes than patients in the low-risk group, as shown by the Kaplan-Meier curves (p=6.803e-07; Figure 6B ). Figure 7 reveals the relationship between risk score and clinical characteristics, showing that risk score was obviously associated with pathological stage, T classification, and 3-year survival status.
Prognostic value of the 2 tumor microenvironment-related gene signatures in HCC
The independent predictive power of the 2-tumor microenvironment-related genes signature was investigated. Univariate analysis showed that pathological stage (P<0.001), T classification (P<0.001), and risk score (P<0.001) were significantly related to 3-year survival rate of TCGA HCC patients. After multivariate analysis, only risk score was an independent prognostic predictor correlated with 3-year survival rate (P<0.001; Table 2 ). 
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Discussion
An increasing number of studies have suggested that the tumor microenvironment is involved in the biological processes of cancers [21] . The significance of the tumor microenvironment in HCC prognostic classification has also been noted [22] . The prognostic value of tumor microenvironmentrelated biomarkers for HCC patients has not yet been explored. Consequently, we performed bioinformatics analysis to screen tumor microenvironment-related genes that were correlated with the prognosis of HCC patients.
Using the TCGA cohort, we applied the ESTIMATE method to generate stromal and immune scores. Our findings suggested that patients with high stromal/immune scores had higher 3-year survival rates, indicating both were positive factors for 3-year prognosis of HCC patients. We screened tumor microenvironment-related genes by stratifying all samples into high immune/stromal score and low immune/stromal score groups, showing that immune/stromal scores and 5-year survival rate were not obviously correlated. Functional analysis based on these tumor microenvironment-related genes indicated that many molecular pathways were closely associated with tumor microenvironment, such as extracellular matrix, collagencontaining extracellular matrix, T cell activation, and cytokinecytokine receptor interaction. These results were in accordance with previous reports that the roles of immune cells and extracellular matrix in the building of HCC tumor microenvironment are interlinked [23] . 
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To screen prognostic tumor microenvironment-related genes, we conducted 3-year survival analysis of those 830 genes and screened 166 genes that were correlated with 3-year outcomes in HCC patients from TCGA. Validation in the ICGC database showed that 49 genes were associated with 3-year outcomes. The 49 genes with prognostic value in both TCGA and ICGC were considered as prognostic tumor microenvironment-related genes, and the potential functions were investigated. Functional analysis indicated prognostic genes particularly involved in T cell activation, regulation of T cell activation, T cell differentiation, and positive T cell selection. Most of these pathways were associated with T cell-mediated immune response. These results were consistent with our finding that most of the prognostic genes were protective genes. Additionally, these studies have revealed that T cells play an important role in the pathogenesis of HCC, and high levels of T cells were associated with significantly better prognosis, in accordance with pervious results.
In agreement with our findings, previous studies have revealed that T cells play a major role in the pathogenesis of HCC, and high levels of T cells are associated with considerably better prognosis [24, 25] . Of these 49 genes identified, only 6 genes had been reported to be correlated with the prognosis of HCC patients. The other 43 genes had not been found to be associated with HCC outcomes, and may act as valuable biomarkers for prognosis of HCC in the future. We used the cBioPortal tool to investigate genomic alterations connected with these 49 prognostic tumor microenvironment-related genes. All prognosis genes were mutated in HCC samples appear to play a significant role in HCC pathogenesis. A gene network containing 49 prognostic tumor microenvironment-related genes and the 50 most frequently altered neighbor genes was established. Among the 49 genes, 11 (e.g., LCK, FLT3, and MMP9) were considered as anticancer drug targets. We are particularly interested in MMP9. MMP9 is an important member of the matrix metalloproteinases family and participates in extracellular matrix remodeling [26] . A growing number of studies indicate thatMMP9 plays a crucial role in mediating the tumor microenvironment [27, 28] . In this study, MMP9 is the only gene negatively associated with prognosis among the 49 prognostic tumor microenvironment-related genes. Consistent with our results, numerous studies have demonstrated that overexpression of MMP9 is a predictor of worse prognosis in HCC patients [29] . As can be seen from the network diagram, captopril may exert its anti-tumor role via acting on MMP9. Previous studies have reported captopril may be an inhibitor of tumor growth in several tumors, such as lung cancer and glioblastoma [30, 31] . However, no study has investigated the role of captopril in HCC patients. More work is necessary to explore its tumor-suppressor role in HCC.
Cox analyses were performed to establish a prognostic signature to predict HCC 3-year prognosis. We developed a novel 2-gene prognostic signature (IL18RAP and GPR182) using data derived from the TCGA database. The risk score of the 2-gene signature was calculated and then patients were categorized into highrisk and low-risk groups. Patients in the high-risk group had a worse 3-year survival rate than patients in the low-risk group. Moreover, Univariate Cox and multivariate Cox analyses suggested that the 2-gene signature is an independent factor predicting 3-year HCC prognosis. IL18RAP (interleukin 18 receptor accessory protein), a member of the interleukin-1 receptor family, is expressed by various cell types, including immune cells
Categories Gene symbols
Cell surface CD247 , CD40LG, CD3E, CD3G, CLEC9A, GPM6A,LY9, SLAMF1 and stromal cells [32] . It has been demonstrated that IL18RAP plays a vital role in the IL-18-mediated signaling pathway by producing interferon gamma [33] . A study has shown that in renal cell carcinoma, high expression of IL18RAP was markedly correlated with poor prognosis based on TCGA datasets [34] . IL18RAP region polymorphisms may be related to the development of esophageal cancer [35] . A previous study investigated the expression of IL18RAP in human HCC patients infected with hepatitis C virus, indicating that IL18RAP and IL18R1 were coexpressed in HCC cell lines [36] . To date, however, few studies have reported the relationship of IL18RAP with HCC. Further research is needed to elucidate the exact role and prognostic value of IL-18RAP in HCC patients. GPR182 (G protein-coupled receptor 182, ADMR) is evidently involved in the G protein-coupled receptor 1 family. A recent study revealed that GPR182 was markedly downregulated in HCC tumorous compared with peritumoral tissues [37] . GPR182 was also reported to be downregulated in liver fibrosis and cirrhosis [37] . A previous study reported silencing GPR182 remarkably reduced the growth and metastasis of pancreatic cancer, without excessive harmful effects, which indicated GPR182 might be a valuable therapeutic target in pancreatic cancer [38] . So far, little work had been done to clarify the prognostic value and therapeutic target role of GPR182 in HCC. Further research is required to determine the prognostic and therapeutic significance of GPR182 in HCC. Hazard ratio  1  2  2  2  2  4  4  4  4  4  6  7  11  12  13  14  14  14 Several shortcomings of the present study needed to be noted. Firstly, the work was entirely performed using public databases, and our findings need to be confirmed. Secondly, our survival analysis and Cox regression analysis were based on 3-year survival, not 5-year or overall survival times. Thirdly, further studies are required to clarify the biological roles of these prognostic tumor microenvironment-related genes in HCC. Additionally, the prognostic role of the 2-gene prognostic signature needs to be validated in more independent cohorts by clinical experiments.
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Conclusions
We found that numerous tumor microenvironment-related genes were markedly associated with prognosis of HCC. In addition, we established a novel 2-gene signature as an independent prognostic predictor. The present work offers novel insights into the tumor microenvironment in HCC. Nonetheless, further research is required to validate these results.
